Aortic pulse wave velocity, calculated from pulse transit time (PTT), is often used as an indicator of arterial stiffness and suggested to be standardized for heart rate (HR). This study aimed to determine whether PTT obtained directly from radial arterial waveforms could be used to assess arterial stiffness and the effect of HR on it. Measurements of anthropometric parameters, blood pressure (BP) and radial PTT were taken in 266 apparently healthy adults (113 men and 153 women; age 18-78 years). BP and radial PTT were measured in a subgroup of 11 young subjects (seven men and four women, age 24-35 years) in a 3-month follow-up study, which aimed to investigate the effect of HR changes. Radial PTT was significantly higher in men compared with women (0.116±0.022 s compared with 0.103±0.031 s, Po0.001). It was inversely related to age in men and women (r¼À0.838 and r¼À0.804, respectively, Po0.01 for both). Multiple regression analysis showed that HR was a potent predictor of radial PTT in addition to age, sex and systolic BP. There was no significant change in radial PTT when HR ranged from 60 to 75 b.p.m. A significant decrease was found in radial PTT when HR was up to 80 b.p.m. (Po0.01). These findings indicate that the simple and easily obtainable radial PTT could be a useful index of arterial stiffness, and HR changes should be considered when it is up to 80 b.p.m.
INTRODUCTION
Aortic pulse wave velocity (PWV), calculated from pulse transit time (PTT), has become an indicator of arterial stiffness. [1] [2] [3] Aging is accompanied by increased arterial stiffness and aortic PWV, 4, 5 leading to a decrease in PTT. This suggests that arterial stiffness might be assessed by PTT. The general method for obtaining PTT is to calculate the time delay between the foot of pressure upstroke at carotid and femoral arteries. [6] [7] [8] Although the method is useful in research and clinical laboratories, attempts have been made to simplify the measurement procedure, which result in determination of PTT from a single pulse measurement. In the study of Qasem et al., 9 waveform decomposition of the aortic pressure wave into forward and reflected waves and comparison between them have been used to estimate PTT in the aorta. PTT has also been estimated from the time of the inflection point in the aorta. 10 For aortic pressure pulses are estimated from radial tonometry pulses with the use of a generalized transfer function, 7, 11, 12 it raises the possibility that PTT could be derived directly from radial arterial pulses and provided equivalent information to aortic PTT. The study of Millasseau et al. 13 suggested that similar information on the aortic pressure wave could be obtained directly from the radial pulse.
In the present study, we proposed a novel noninvasive method to obtain PTT from a single radial pressure waveform. This method estimated radial PTT by calculating the time interval between the first and second systolic peaks of the radial pulse wave (Figure 1 ), which should not be transformed to the aortic pressure wave first. In previous studies, PTT was influenced by heart rate (HR) [14] [15] [16] and blood pressure (BP). 17 The effect of HR on the propagation of pulse waves has been found not only in central arteries, 14 but also in small peripheral arteries 16 and the microcirculation. 15 Bernjak et al. 15 showed that PTT through the microcirculation was negatively correlated with HR. Our hypothesis was that values of radial PTT might also be influenced by HR. Therefore, the aim of the study was to investigate the relationship between radial PTT and age in healthy subjects and whether or not HR changes influenced radial PTT.
METHODS Subjects
A total of 266 healthy adults (113 men and 153 women) aged 18-78 years (37.9 ± 18.9 years) underwent the measurements of anthropometric parameters (height, body mass), BP and radial PTT. A subgroup of 11 young subjects (seven men and four women) aged 24-35 years (27.3±3.2 years) had a 3-month follow-up study, in which each subject took the measurements of BP and radial PTT twice every day (at 0800 and 1700 h, separately). All subjects were free of cardiovascular disease and vasoactive medications, as assessed by a medical history questionnaire. Written informed consent for the procedure was obtained from each subject, and the study was approved by the local Institutional Review Board.
Measurements
Before testing, subjects were asked to fast and abstain from cigarettes and alcohol for 3 h or more. After taking the measurements of height and body mass and resting in the sitting position for 5 min in a quiet, temperature-controlled room, BP was measured on the right wrist using the oscillometric method (HEM-6000; Omron Healthcare, Kyoto, Japan).
Radial PTT was derived using an applanation tonometry-based automated vascular testing device (IIM-2010A; Institute of Intelligent of Machines, Hefei, China). The size of the device is 26Â20Â8 cm and its weight is 1.2 kg. The arterial applanation tonometer was held on the left radial artery while pressure against the radial artery was obtained and digitized into digital volume pulse using a 12-bit analogue-to-digital converter with a sampling frequency of 200 Hz. The magnification of digital volume pulse was modulated automatically to obtain an optimal radial arterial waveform. Consistent radial arterial waveforms were recorded for 12 s, the first and second systolic peaks of which were automatically detected by using algorithms of the device based on a bandpass filtering (0.02-80 Hz) and fourth derivatives. The time intervals between the first and second systolic peaks of radial pulse waves were calculated and averaged value was reported as radial PTT.
Statistical analysis
All values were expressed as means±s.d., if not specified. The differences between men and women were evaluated by analysis of variance. Multiple regression analysis using enter method for radial PTT was performed with the following parameters: age, sex, systolic BP (SBP), diastolic BP (DBP), HR, height and body mass. An analysis of covariance was performed with radial PTT as the dependent variable and HR as covariate. The effect of HR on BP and radial PTT was tested by one-way, within-subjects analysis of variance with repeated measurements. A least significant difference post hoc analysis, with a least significant difference test was performed to determine which levels of HR led to significant changes in PTT. A probability value Po0.05 was considered to indicate statistical significance.
RESULTS

Radial PTT and Age
As shown in Table 1 , height, body mass, PTT, SBP and DBP were lower in women than in men (Po0.05), whereas HR was higher in women than in men (Po0.05). Figure 2 illustrated the relationship between radial PTT and age. Radial PTT was inversely related to age in men and women (r¼À0.838 and r¼À0.804, respectively, Po0.01 for both). Age-related changes in radial PTT were significant (Po0.001). The values of radial PTT were expressed as mean values in each decade of life and shown in (Figure 2b ). There were significant age-dependent decreases in radial PTT from 20 years to 40 years in men and women (Po0.01 for both). Multiple regression analysis revealed that radial PTT was significantly associated with age in addition to sex, HR and SBP, whereas DBP, height and body mass were not associated with radial PTT (Table 2 ). The analysis of covariance analysis further showed there was a significant difference in radial PTT with a wide age range (Po0.001, Table 3 ). 
DISCUSSION
The studies described by Lydakis et al. 10 and McEniery et al. 18 have demonstrated the proof of the concept that PTT could be estimated from the measurement of a single aortic pulse wave. They showed that the inflection point could be identified by waveform analysis of the aortic pressure pulse. The present study extended this concept by estimating radial PTT as the time interval between the first and second systolic peaks of the radial pulse wave (Figure 1 ), which meant PTT was determined directly and easily from the radial pulse wave rather than a transformed aortic pulse. The result of the study has showed a significant association between radial PTT and age, both in men (r¼À0.838, Po0.01) and women (r¼À0.804, Po0.01). Furthermore, there was an age-related decrease in radial PTT in healthy men and women aged 18-78 years. In previous studies, arterial stiffness was increased with aging. 4, 5 Therefore, these findings indicates that the simple and easily obtainable radial PTT is age-dependent and could be a useful index of arterial stiffness.
As shown in Figure 2b , radial PTT decreased significantly with age from 20 years to 40 years, whereas insignificantly in older subjects. A possible reason for the phenomenon might be the movement towards the periphery in reflection site, which led to a longer traveling distance of the reflected wave. This is in accordance with the result of several previous studies. [19] [20] [21] Mitchell et al. 19 showed that, with aging, the aortic PWV increased, whereas the time of return of the reflected wave decreased only little. These authors, therefore, speculated that the reflection site was moving toward the periphery.
Multiple regression analysis revealed that age, HR, sex and SBP were entered into the model as independent predictors of radial PTT (Table 2) , which were also contributors to PWV 22 and AI. 23, 24 Furthermore, the result of the analysis of covariance with dependent variable of radial PTT and covariate of HR showed a significant difference in radial PTT with a wide age range, even if the effect of HR was considered. Among these factors, HR is a complicated one, because it influences not only timing and strength of the reflected wave, 14, 25 but also other contributors of radial PTT such as BP. 26 In our second experiment, radial PTT changed only little when HR ranged from 60 to 75 b.p.m., whereas it decreased significantly when HR was up to 80 b.p.m. (Figure 3 ). PTT is calculated as traveling distance divided by PWV. In the study by Lantelme et al., 22 PWV increased significantly with HR, when HR was more than 80 b.p.m. This may be the reason why radial PTT had no significant changes until HR was up to 80 b.p.m.
There have been other attempts at obtaining stiffness index from waveform analysis of a single peripheral pulse. Millasseau et al. 27 reported that a time interval, assumed to be related to aortic wave transmission, was obtained by feature extraction of the digital volume pulse, and then a stiffness index (equivalent to a PWV parameter) was obtained by the ratio of height and this time interval. Although a significant correlation was found between the calculated stiffness index and measured aortic PWV, a possible source of error could arise from the estimation of traveling distance of the reflected wave from height. In the present study, therefore, we applied a similar analysis to the radial pulse just to ascertain whether any association existed between radial PTT and age. However, though a significant association was found between radial PTT and age, the information from radial PTT could not be expected to be identical to PWV, for the shape of the radial pulse was influenced by various factors. [28] [29] [30] In summary, PTT obtained directly from radial arterial waveforms was significantly associated with age in healthy adult with a wide age range. The effect of HR changes on radial PTT was insignificant until it was up to 80 b.p.m. These findings support that the simple and easily obtainable radial PTT could be a useful parameter of arterial stiffness, and HR changes should be taken into consideration when it is up to 80 b.p.m.
A limitation of the study is the lack of the objective measurement of PTT. Radial PTT obtained using the method proposed in the study was not evaluated against PTT determined from two independent recordings. However, radial PTT was inversely related to age, both in men and women, indicating that it could be used as an index of arterial stiffness. In addition, radial PTT is very useful in research, because it is simple and easily obtainable.
